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Abstract. A critical mechanism in delayed XDT (X for unknown Detonation Transition)
modes is the fragmentation of energetic materials under high-speed impact loading. Frag-
ment size and spacing distribution, in turn, influence the recompaction initiation and subse-
quent detonation propagation during XDT. We perform meso-scale simulations to examine
the effects of microstructure and binder properties on impact-induced fragmentation be-
havior. Such studies provide a numerical framework for understanding structure-property
relationships and designing new energetic materials with optimized safety properties. We
employ a multi-physics arbitrary-lagrangian-eulerian code, ALE3D 1 , for these simula-
tions. Unreacted equation-of-state properties, as well as strength properties, were taken
from previous meso-scale studies on HMX. In these simulations the binder strength is var-
ied to reflect the strength of commonly used energetic material binders (e.g., HTPB, Kel-F,
PTFE, Epoxy, and Estane). HMX grain size distribution and volume fraction, and binder
thickness are also varied to explore microstructural effects.

Introduction

Propellants and explosives that have experienced
high velocity insults, such as from bullet or frag-
ment impacts, can undergo reactions that exhibit a
delayed transition to detonation 2. The associated
impact stresses are lower and the time to detonation
(as much as 100+ microseconds) is much longer
than durations observed in the shock-to-detonations
(SDT), which occur approximately within the first
passing shock front (few microseconds). This
type of detonation transition is referred to as an
unknown-to-detonation transition (XDT) since the
mechanisms that lead up to detonation are not en-
tirely known. The common thought however, is that
XDT reactions modes are a result of increased sen-
sitivity following a propagating pressure front due

to damage nucleation in the form of porosity and
cracks. In burn-to-violent reaction (BVR) experi-
ments 3 and XDT experiments 4, 5 the recompaction
of damaged propellants is considered an initiation
mode that leads to detonation, as are friction initi-
ation mechanisms 5 where explosive grains interact
as multiple shock wave pass through damaged ma-
terial. The binder is believed to have a strong effect
on this mode of detonation as decohesion of the ex-
plosive grains from the binder allow the grains to
interact directly under loads and provide an avenue
for flame propagation. Thus, the fracturing behav-
ior of propellants and high explosives are important
to understanding XDT modes and the steps lead-
ing up to recompaction (such as inside rocket mo-
tor boreholes) requires an examination of the pro-
jectile impact response of energetic materials at the
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Fig. 1. Two-dimensional mesoscale simulation ge-
ometry

mesoscale.
In polymer binder systems the surface area of

grains, binder strength, and adhesion of the binder
to the grains will affect their response under impact
loading conditions, thereby influencing the fractur-
ing behavior. In studies carried out on PBX’s, it
was recognized that cracks formed preferentially at
the interfaces of the binder with larger grains 6, 7, 8.
In our studies we choose to examine the effects of
internal interfacial surface area by controlling the
grain size and the transfer of stress and fragment
generation by varying the strength of the polymer
binder. More specifically we vary the grain size dis-
tribution of LX-10 HMX, near the main peak, to be
1.0, 0.50, or 0.25 times the original size. For the
polymer binder strength, the binders are varied to
have a range of properties such as the high ductil-
ity and low strength characteristics of HTPB to the
more brittle and high strength behavior of epoxy.

While the polymer strength and grain size are im-
portant the volume fraction of the binder is also of
interest. LX-04, for example, was found to have
a lower degree of violence in Steven impact tests
with increasing impact velocity 9 than other HMX-
based explosives, which is thought to be due to the
higher binder content (15 wt.%). In these experi-
ments the authors noted that there was no evidence
for a prompt detonation for these tests that typically
have load durations of a few hundred microseconds.
The reduced sensitivity to detonation with increas-

ing violence in this material, based on our under-
standing, suggests that the increased binder content
reduces either the generation of damage by reduc-
ing the amount of interfaces that act as decohesion
sites or by increasing the materials inherent capabil-
ity of transferring load throughout the microstruc-
ture and dissipating the intensity of the stress that
causes damage. In mesoscale studies conducted on
HMX/Estane binder formulations 10, the materials
with a greater amount of binder was capable of dis-
sipating work done by a shock front more easily.
They also found the binder temperatures to be sig-
nificantly lower for impacts at 500 m/s than at 1000
m/s. Since polymers are temperature and strain rate
dependent, projectile impact velocity may play an
important role. Therefore, in this study, the volume
fraction of binder will be varied within the range
of 75-95 vol.% to evaluate if similar effects modify
the fracturing and damage behavior due to projec-
tile impacts at velocities of 500 and 1000 m/s. To
account for rate effects and strain localizations that
occur within heterogenous microstructures, a rate
dependent strength model is implemented.

Computational Approach

Simulation Setup

Two-dimensional plane strain mesoscale simula-
tions of PBX’s (HMX grains embedded in a poly-
mer binder) were performed using ALE3D. The ge-
ometry of the simulation domain is shown in Fig-
ure 1 and consisted of a spherical aluminum pro-
jectile (1/32" diameter) impacting the cylindrical
PBX pellets (3.175 mm diameter) at a normal in-
cident angle and at velocities of 500 or 1000 m/s.
A symmetry boundary was used along the pel-
let/projectile’s axis of symmetry and outflow/inflow
boundaries along the left, right, and top sides of the
domain. Depending on the thickness of the pellet
(1.0, 1.5, or 2.0 mm) the distance between the exit-
side of the pellet and righthand side of the domain
was varied so that the total domain width was 6mm.
This was a balance between allowing the fragment
cloud to develop and minimizing the overall compu-
tational costs. The zone size used in the calculations
was 1-1.5 µm for a total of 8.8 - 19.8 million zones.
This setup was chosen to not only be analogous to
simplified ABVR tests (one-sided) but mimic new
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Fig. 2. Grain size distributions used for generating
microstructures. Highlighted sections (same color
as the line they correspond to) denote the grain sizes
of interest for each distribution.

small-scale experimental capabilities currently be-
ing developed at LLNL.

Microstructure Generation

The grain size distribution for LX-10 was used
as a reference point for producing simulated mi-
crostructures with varying grain size distributions
(see blue line in Figure 2). The main LX-10 dis-
tribution peak is centered around ∼150 µm with
a smaller peak centered at ∼7.5 µm. The major-
ity of the LX-10 volume is comprised of this larger
peak, as such we generated microstructures that had
a baseline grain size distributions within the range
of 48-240 µm using four bins (highlighted blue rect-
angle in Figure 2). The original distribution was
truncated to this range to allow for the grain size to
be varied to smaller sizes more readily without hav-
ing to dramatically increase the mesh resolution of
simulations and to eliminate large grain sizes that
would potentially take up the majority of the sim-
ulated microstructure volume. We then varied the
truncated grain size distribution to be .25x and .50x
the original size. These shifted grain size distribu-
tions, as well as the 4-bin histogram data to gener-
ate the microstructures, are shown/listed in Figure 2
and Table 1 respectively.

The 4-bin grain size distributions were then used

Table 1. Histogram bin volume fractions and grain
diameters used to capture the targeted section of
the overall grain size distribution for each fractional
size (25%, 50%, or 100% of the original distribu-
tion).

Bin Bin Vf Orig. Dia. 0.50x Dia. 0.25x Dia.
(No.) (–) (µm) (µm) (µm)

1 0.08 240 120 60
2 0.26 144 72 36
3 0.41 80 40 20
4 0.25 48 24 12

in ParticlePack 11 to generate synthetic microstruc-
tures with varying solids (grain) loading that ranged
from 45-95%. To generate the grains within a
binder matrix, ParticlePack first constructs the ran-
domly distributed grains and then recedes the inter-
facial boundaries back towards the adjacent grains
using a distance specified by the user. By con-
trolling the recession distance and each bin’s grain
size, specific microstructure compositions can be
targeted. Although grain volume fractions ranged
from 55-95 vol.% data will be shown for only a sub-
set of those generated in this report. Figure 3 shows
three representative microstructures that are 1.0 x
3.175mm2 in size – each with a different grain size
distribution.

Material Model Parameters

The binder’s constitutive behavior was modeled
using a Steinberg-Guinan 12 type hardening model
where the flow stress is modified by the plastic
strain (εp), and strain-rate (ε̇p) according to the fol-
lowing equation:

Y0f
(
εp, ε̇p

)
= Y0 [1 + β (εp + ε0)]

n [
a+ bε̇p

]m
(1)

where Y0 is the initial yield strength, n and m the
work hardening and rate senstivity exponents re-
spectively, β the work hardening parameter, a an
additive rate constant, b a strain rate normaliza-
tion constant, and ε0 a plastic strain offset. For
the strain softening polymers, Kel-F and epoxy, Y0
and the first bracketed section of Equation (1) is re-
placed with tabulated stress-strain data at a refer-
ence strain-rate. For Kel-F and Epoxy this refer-



Table 2. Strength and failure model parameter values for polymer binders

Polymer a b m Y0 β ε0 n σf εf
Binder (–) (/s) (–) (Mbar) (–) (–) (–) (Mbar) (–)
Kel-F 0.001 1.9e4 0.15 – – – – -1.0e-3 1.0
HTPB 0.25 250.0 0.25 8.5e-6 0.5 0.025 0.5 -0.2e-3 3.0
Epoxy 0.085 249.0 0.14 – – – – -2.0e-3 0.5
PTFE 1.0 250.0 0.15 1.3e-4 1.7 0.05 1.75 -2.0e-3 1.5

Fig. 3. Representative microstructures (1.0 x 3.175
mm2) used in calculations. From left to right the
volume fraction of grains are 75%, 85%, and 85%
with grain size distributions of 25%, 50%, and
100% the original distribution respectively. While
they appear somewhat circular in the figure, the
grains are blocky in nature at higher magnification.

ence strain-rate is 100 s−1 and 1300 s−1 respec-
tively. The strength parameters for different poly-
mer binders are given in Table 2. A stress (σf ) and
strain (εf ) criteria for failure is implemented, and
the parameters are also included in Table 2. A stress
strain curves for Kel-F and PTFE are shown in Fig-
ure 4 to give an idea of the relative fit of model pa-
rameters to experimental data each formulation of
Equation (1).

A seven-term polynomial was used to model the
binder’s equation-of-state (EOS) in which the pres-
sure is related to the compression (µ) and internal

energy (E) of the material through the relation:

P = a0 + a1µ+ a2µ
2 + a3µ

3

+
(
b0 + b1µ+ b2µ

2
)
E (2)

where a0 is a pressure constant, a1, a2, and a3 are
bulk moduli coefficients, b0 the Grüneisen coeffi-
cient, and b1 and b2 corrections to the Grüneisen
coefficient. In our studies a0, b1, and b2 were all
set to zero. Values for the remainder of the EOS
model parameters are given in Table 3 for the poly-
mer binders.

Table 3. Seven-Term Polynomial EOS model pa-
rameters for polymer binders. The parameters a0,
b1, and b2 were all set to zero.

Polymer a1 a2 a3 b0
Binder (Mbar) (Mbar) (Mbar) (–)
Kel-F 0.1 0.075 0.75 1.097
HTPB 0.029 0.0 1.25 1.45
Epoxy 0.10 0.05 0.50 0.80
PTFE 0.015 0.005 0.35 0.59

Results and Discussions

Grain Size Effects on HE Fragmentation

Figures 5 and 6 show the development of plas-
tic strain within the binder material for different
grain size distributions as well as a comparison
of the plastic strain histograms for microstructures
composed of 85% grain volume fraction and Kel-
F binder. Microstructures containing the larger
grain size distributions resulted in a more heteroge-
nous pressure front, and produced more localized
stress/strain bridging, which propagated through-
out the microstructure more quickly than in mi-
crostructures with smaller grain sizes. In regions
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Fig. 4. Fit of the strain rate dependent model to ex-
perimental data for Kel-F13, 14 (blue) and PTFE15

(red), at various strain rates, using values in Table 2.

away from the impact site the stress/strain bridg-
ing appeared to be communicated along paths that
connected the largest grains, which also provided
some stress shielding for the smaller grains within
the microstructure. For microstructures with larger
grain sizes, we also found the zones within the
binder directly adjacent to the grains strained more
quickly than the interior region of the binder be-
tween grains. These effects are consistent with ob-
servations of cracks preferentially forming at the
binder/grain interface of larger grains within the mi-
crostructure 6, 7, 8.

Apart from the region directly within the cross-
sectional path of the projectile the corners (junc-
tions) of multiple grains had the greatest strain val-
ues. From the histograms we found that at times
less than 1 µs the extent of binder strain is fairly
similar across the various grain sizes. However, at
later times, greater than 1 µs, the straining increases
with increasing grain size and is accompanied with
not only higher max strains but broader strain dis-
tributions.

Effects of Binder Volume Fraction

With increasing amounts of binder, the HMX
grains take up less of the load as the pressure waves
move throughout the microstructure. This trans-
lates into the binder undergoing larger shear defor-

mation and dissipating the load transferred to the
HMX grains. The effect on the HMX grains was
significant with much larger plastic strain accumu-
lating in HMX grains for microstructures with less
binder (see Figure 7). Additionally, strain bridging
was found to be more pronounced in microstruc-
tures with a larger percentage of binder and still pre-
dominately followed paths connecting larger grains.
This behavior is shown in Figure 8. We also ob-
served the plastic strain distribution for the binder
to broaden with decreasing binder content (see Fig-
ure 9).

Effects of Binder Strength

The binder’s strength characteristics plays a key
role in the deformation of polymer bonded explo-
sive composites under high velocity impacts. For
microstructures containing softer binders in relation
to Kel-F, such as HTPB, had much lower strains
in both the binder (see histogram in Figure 10)
and HMX grains. The opposite is true of mi-
crostructures with stronger materials such as epoxy.
When the Kel-F binder was replaced with epoxy,
the strains within the HMX grains increased and the
binder plastic strain histograms broadened signifi-
cantly. The propagation of failure of the binder oc-
curred more rapidly in these instances, which results
in the generation of more fragments.

Velocity Effects

Not surprisingly, a decrease in velocity from
1000 m/s to 500 m/s resulted in smaller strains,
and more narrow histogram distribution, for a given
time. However, the difference was in general fairly
small and may be indicative of a greater dependence
on binder strength and microstructure than impact
velocity once the stress magnitudes reach a certain
level. At impact velocities of 500 m/s the aluminum
projectile had very limited deformation, where as
impacts at 1000 m/s the projectile had undergone
more significant deformation. In experiments we
have found 500 m/s to be sufficient for the alu-
minum projectile to penetrate through LX-10 sam-
ples of similar size with little or no noticeable de-
formation. No experiments have been conducted at
lower/higher impact velocities however, and there-
fore a threshold velocity for penetration in theses



Fig. 5. Plastic strain within the Kel-F binder after 2 µs following an impact of an aluminum sphere at 1000
m/s. The grain volume fraction is 85% and grain size distributions are 100%, 50%, and 25% (from left to
right) the original distribution grain size.

types of formulations has yet to be resolved.

Conclusions and Future Studies

Based on these simulations, the following gen-
eralized trends were observed. Firstly, increasing
amounts of binder decreased the accumulation of
strain in the HMX and translated into more work
being done on the binder. In delayed XDT reactions
that involve these types of formulations, onset of ig-
nition may be a limited to conduction of heat from
the binder to the HMX grains.

Second, larger grain size distributions result in
more deformation of both the HMX and binder,
with more straining occurring along percolation
paths containing larger grains. This results in more
damage/fragmentation across the entire sample at
earlier times thereby increasing chances for igni-
tion due to friction from interactions between grains
or secondary impacts of fragments against surfaces
downstream from the sample (such as against rigid
surfaces or in BVR tests with two slabs of propel-
lant, which are analogous to rocket motor bores).

Thirdly, microstructures with HTPB had less
plastic straining of both the binder and HMX grains,
where as those with epoxy had increased strain-
ing in both the HMX and binder. This results
in the generation of fewer (larger) fragments or
more (smaller) fragments for formulations with
weaker/stronger binders respectively. In ABVR

tests with smaller gap distances, there is often less
of a chance for XDT reactions to take place since
the fragment cloud doesn’t have a chance to rar-
ify be recompacting. For formulations of propel-
lants or high explosives that may contain stronger
binders smaller gap distances may be needed to re-
duce chances of XDT reaction upon recompaction.

In our simulations inference of fragment produc-
tion came from the deformation of the individual
constituents at fairly early times. Future simulations
will address the incorporation of more advanced
failure models that are more representative of phys-
ical observations. They will also include an anvil,
with varying strength, on the downstream side of
the fragment cloud to investigate the contributions
of secondary impacts and recompaction (between
the projectile and anvil) to XDT modes or reac-
tion, such as those observed for propellants inside
rocket bores. Temperature distributions within the
fragments upon striking these anvils will be mon-
itored. Other topics of interest are the effects of
porosity on the fragmentation of PBX’s under these
high velocity impacts and the projectile’s geometry
and size. Since fracturing of materials has three-
dimensional attributes, such as the stress bridging of
grains, simulations will also be conducted on three-
dimensional microstructures generated in the same
manner. Obtaining a threshold velocity for penetra-
tion is also of interest and is important for compari-
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Fig. 6. Plastic strain histograms for Kel-F after 1 to 4 µs following an impact of an aluminum sphere at 1000
m/s. The grain volume fraction is 85% and grain size distributions of 100% (red), 50% (yellow), and 25%
(blue) the original LX-10 HMX grain size distribution.

son of models to experimental data.
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m/s. The grain volume fraction is 75% and grain size distributions are 100%, 50%, and 25% (from left to
right) the original distribution grain size.
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m/s. The grain volume fractions are 85% (blue) and 75% (red) for grain sizes of 100%, 50%, and 25% the
original LX-10 HMX grain size distribution left to right respectively.
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Comments

A. Kuhl, LLNL
The Steinberg-Guinan Model gives a pressure and
sound speed for all volumes. But after the material
goes into tension, the stress and sound speed go to
zero. Thus the constitutive relations seem to be in
error for the materials in tension. Then one needs to
treat the particles as discrete Lagrangian particles
(rather than a continuum).

Reply by B. White, LLNL
There are certainly a variety of numerical ap-
proaches that may be used to model fragmentation,
with each having their own deficiencies. While
the binder constitutive behavior was based on the
Steinberg-Guinan (S-G) model, it was not imple-
mented explicitly. We also used a different equa-
tion of state than what is typically used with the
S-G model and a failure criteria based on stress
and strain. We intend on exploring other means
of handling the fracture behavior of PBX’s at the
mesoscale.


